Rapidity distributions of vector mesons are computed in dipole model proton-lead ultraperipheral collisions(UPCs) at the CERN Larger Hadron Collider(LHC). The dipole model framework is implemented in the calculations of cross sections in the photon-hadron interaction. The bCGC model and Boosted Gaussian wave functions are employed in the scattering amplitude. We obtain predictions of rapidity distributions of J/ψ meson proton-lead ultraperipheral collisions. The predictions give a good descriptions to the experimental data of ALICE. The rapidity distributions of φ, ω and ψ(2s) mesons in proton-lead ultraperipheral collisions are also presented in this paper.
I. INTRODUCTION
Diffractive production of vector mesons in hadron-hadron and electron-proton collisions can help us study the QCD dynamics and gluon saturation effect at high energy level [1, 2] . The H1 and ZEUS collaborations have measured the cross sections of J/ψ in diffractive process at HERA [3] [4] [5] [6] . The LHCb collaborations have measured the rapidity distributions of J/ψ and ψ(2s) in hadron-hadron ultraperipheral collisions (UPCs) at the LHC [7] [8] [9] [10] [11] [12] [13] [14] . Various theoretical approaches can be found to compute the production of vector mesons in UPCs and diffractive processes [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
In hadron-hadron UPCs, the direct hadronic interaction is suppressed since the two hadrons barely touch. The photon-induced interaction is dominant in hadron-hadron UPCs. Vector mesons can be produced in photon-induced process. The dipole model is a phenomenological model in small-x physics [25] , it can describe the photon-hadron interaction very well. In the dipole model, the interaction between virtual photon and hadron can be viewed as three steps. Firstly, the virtual photon splits into quark and antiquark. Therefore, the quark-antiquark interacts with proton by exchange gluons. Finally, the quark-antiquark recombine into other particles, for example, vector mesons or real photon. The important aspect of dipole model is the cross section of a pair of quark-antiquark scattering off a proton through gluons exchange. Dipole amplitude is the imaginary part of total γ * p cross section. It is important in the diffractive process to calculate the production of vector mesons since the vector meson can be viewed as a probe of the interaction between the dipole and the proton. The Golec-Biernat-Wusthoff (GBW) model was firstly proposed to describe the dipole cross section in saturation physics [26] . The Bartel-Golec-Biermat-Kowalski (BGBK) model is an extensive model of the GBW model considering the gluon density evolution according to DGLAP equation [27] . The Color-Glass-Condensate (CGC) model was proposed based on Balitsky-Kovchegov (BK) evolution equation [28] [29] [30] . The bSat and bCGC models are impact parameter dependent dipole models based on the BGBK and CGC models [31] [32] [33] [34] [35] . These models contain free parameters which are determined by fit on cross sections of the inclusive production in DIS.
In the photoproduction of vector meson in diffractive process, the light-cone wave functions of photon and vector meson are employed in the amplitude. The light-cone wave function of photon can be computed analytically, but the light-cone function of the vector meson can't be computed analytically. Phenomenological models are employed for the vector mesons in the calculations. The Boosted Gaussian model is a successful model for J/ψ and excited states. The production of J/ψ and ψ(2s) can be applied to check the validity of the Boosted Gaussian wave functions. Using the dipole amplitude and light-cone wave functions of photon and vector meson, the cross section in diffractive process can be easily computed.
On other side, the cross sections of heavy vector mesons in diffractive process is investigated in perturbative QCD approach [36] [37] [38] . The vector meson amplitude is proportional to the gluon density. The leptonic decay width of the heavy vector meson is included in the amplitude. The diffractive production also can be computed in momentum space [39] [40] [41] [42] . In momentum space, the unintegrated gluon distribution is employed in the calculation.
In nucleus-nucleus UPCs, the nucleus can remains intact or breaks up. If the nucleus remains intact, the process is coherent process. If the nucleus breaks up, the process is called incoherent process. In previous works [24] , we have studied the incoherent vector production in lead-lead collisions at the LHC. In the previous works, we have presented differential cross sections as a function |t|. In the coherent process, the |t| spectra is steep at small |t| region, while the |t| spectra of incoherent production is exponential. In this paper, we focus on vector mesons coherent cross sections of proton-lead UPCs. In this paper, the bCGC model is employed to calculate the exclusive photoproduction of vector mesons in photonlead UPCs. The aim of this paper is to calculate predictions of exclusive photoproduction of J/ψ, ψ(2s), ω and φ mesons in proton-lead UPCs at the LHC. In Section II, the formalism of this work is reviewed. In section III, the numerical results are presented and some discussion are also listed. The conclusions are in section IV.
II. VECTOR MESON PRODUCTION IN THE DIPOLE MODEL
In this paper, we focus on the production of vector meson in proton-lead UPCs. The rapidity distributions of vector meson production in UPCs is the product of cross sections of γ + p → V + p and the photon flux factor . The rapidity distributions of vector meson in hadron-hadron UPCs is given as follows [43] 
In above equation, k is momentum of the radiated photon from hadrons. y is the rapidity of the vector meson.
. W ± is the center mass energy in diffractive process In UPCs, W ± = (2k
with √ s center-energy. dn/dk is photon flux [1] . Photon flux for proton is given by
where
where the ξ is defined as
The cross sections of σ γp→V p (W ) is integrated by |t| as
Then, the differential cross section of γ + p → V + p is given as [31, 32] (5) is written as
where T denotes the transverse overlap function of photon and vector meson functions with Q 2 = 0, since the photon is real one in UPCs. And β is ratio of the imaginary part amplitude to the real part amplitude. It is written as
The factor R 2 g reflects the skewedness [44] , it gives
The differential cross sections of γ + A → V + A is given as [21, 22] 
where the average amplitude is calculated as [21, 22 ]
Corresponding T A (b) is the Wood-Saxon distribution, and σ(x p , r) is integrated impact parameter cross section, it is calculated as
where N (x p , r, b) is the dipole amplitude between the dipole and proton. In the bCGC model, the dipole amplitude is computed as [28, 35] 
4γsBp ), κ = 9.9, and Y = ln(1/x). a and b are given as
In the bCGC model, B p , x 0 , γ s , N 0 and λ are free parameters and they are fitted from the experimental data. There are various sets parameters in the literatures. In this paper, we use the same parameters in Ref. [34, 35] . Parameters of bCGC model used in this paper are presented in TABLE I . Parameters for bCGC model [34, 35] The overlap function between photon and vector meson in Eq. (10) are given as follows
where e f is effective charge for quark and m f is effective quark mass. ǫ = z(1 − z)Q 2 + m 2 f and φ T (r, z) is the scalar functions, K 0 (x) and K 1 (x) are second kind Bessel functions. There is no analytic expression for the scalar functions of the vector mesons. There are some successful models for the scalar functions. The Boosted Gaussian model is a phenomenological model. The scalar function of J/ψ in Boosted Gaussian model is written as
The wave function of φ and ω are the same as the function of J/ψ meson. The scalar function for ψ(2s) meson in the Boosted Gaussian model is given as [45] 
There are free parameters of the Boosted Gaussian wave functions, such as N T , R 2 , α ( 2s). The parameters are determined by the normalization conditions and the lepton decay width. The detail process of the parameters calculations can refer Ref. [32] . The parameter of J/ψ and ψ(2s) in this paper are taken from the Ref. [45] . The parameters of ω and φ (m q =0.01 GeV) are calculated in this paper. They are presented in Table. Parameters of the scalar functions of the Boosted Gaussian model for ω, φ, J/ψ and ψ(2s) mesons. Parameters of φ ( mq=0.14 GeV), J/ψ and ψ(2s) are taken from [32, 45] .
the vector mesons in proton-lead UPCs can be calculated according to Eq. (1). In the Section III, the predictions of rapidity distributions will be computed for four kinds vector mesons.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this section, the prediction of rapidity distributions of vector mesons in proton-lead UPCs will be presented. We compute the rapidity distributions of J/ψ and ψ(2s) mesons in proton-lead UPCs. The parameters in bCGC model are taken from [35] in the calculations. The parameters of the Boosted Gaussian wave functions of J/ψ and ψ(2s) are used as the same as Ref [45] . The rapidity distributions of J/ψ is shown in left graph in Fig. 1 . The solid lines are predictions using the parameters of bCGC model with m c = 1.27 GeV in Ref [35] and the dashed lines are predictions using the parameters of bCGC model with m c =1.4 GeV. The dotted-dashed lines are prediction using no saturation model. It can be seen that the no saturation prediction is larger than the saturation model with same wave functions (m c =1.4 GeV) . The experimental data of J/ψ in proton-lead UPCs are also presented in the figure. It can be seen that the theoretical prediction in this work with saturation model give a good description to the experimental data. But the no saturation model overshoots the experimental data. Thus, we can extend the same method to calculate the other vector mesons rapidity distributions in proton-lead UPCs. The results of ψ(2s) is shown in right graph of Fig. 1 . Predictions of ψ(2s) can be referred for the future experimental at the LHC.
Besides the heavy vector meson, the rapidity distributions of φ and ω mesons in proton-lead UPCs are computed [12] . The solid lines are predictions using parameters Fit 1 and the dashed lines are predictions using parameters Fit 2, the dotted-dashed lines are predictions using parameter Fit 3 (no saturation). in the bCGC model with Boosted Gaussian wave function in this paper. The predictions are shown in Fig. 2 where the solid lines are results using parameters of Fit 1, the dashed lines are rapidity distributions using parameters of Fit 2 and dotted-dashed lines are predictions using parameter FIt 3 (no saturation). It can be seen that the no saturation prediction are smaller than the saturation model since the wave function parameters are different. In the calculations of Fit 1 and 2, the wave function parameters are using m q =0.01 GeV and in the calculations of Fit 3, the wave function parameters are using m q =0.14 GeV. We hope that the experimental data will be measured in the future. We can compare the theoretical prediction with the experimental data.
At the end of the day, we present the differential cross sections of J/ψ in proton-lead UPCs. The numerical results are shown in FIg. 3 . The left graph is differential cross sections at y=0. The dashed line is the results of dσ γ+P b→J/ψ+P b /dydt and dotted-dashed line is results of dσ γ+p→J/ψ+p /dydt. The solid line is the sum of two channel cross sections. It can be seen that the cross section of γ +P b can be neglected expect the small |t|. In the |t| = 0 GeV 2 , there is a peak as descried from the left graph. The right graph are total differential cross sections at the different rapidities. The solid line is results at y=0; the dashed line describes differential cross sections at y=2; respectively, the dotted-dashed line is predictions at y=-2. We can see that the differential cross sections at y=2 are larger than the results at y=-2. This asymmetry is reflected in the rapidity distributions. In the lead-lead UPCs, the coherent cross sections are symmetry as described in our previous work [24] . We hope the experiment can measure the |t| distributions in UPCs and the theoretical prediction can be compared with experimental data. In Ref [46, 47] STAR collaboration have measured differential cross sections of ρ meson in UPCs. We hope the LHC also can measure the |t| spectrum of J/ψ in the future.
IV. CONCLUSION
In this paper, we have studied the exclusive photoproduction of J/ψ, ψ(2s), φ and ω in proton-lead UPCs at the LHC. The bCGC model and the Boosted Gaussian wave function are employed in the calculation. The theoretical predictions of J/ψ meson rapidity distributions are compared with the experimental data measured by the ALICE collaboration. It can be seen that the predictions of J/ψ using saturation model give a good description to the experimental data. Predictions of rapidity distribution of ψ(2s),φ and ω are also computed in proton-lead UPCs at the LHC in this paper. Since there is no experimental data for the rapidity distributions for the other three vector mesons now. We hope these theoretical predictions can be compared in the future. The differential cross sections of vector mesons as a function |t| are also calculated in this paper. From the differential cross sections, we can see that the γP b channel contributes a peak when |t| = 0 GeV 2 and It can be neglected when the |t| is larger 0.02 GeV 2 . We hope the |t| spectra can be also checked by the experiments at the LHC.
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